Satellite DNA sequence evolution has been studied in several insect species from the genus Pimelia (Tenebrionidae, Coleoptera). Lowcopy number homologs of the previously characterized major satellite DNA from P. monticola (PMON) have been cloned and sequenced from six congeneric species belonging to two species groups: Ibero-Balearic and Moroccan. Sequence analysis of a sample of low-copy number repeats revealed two subfamilies, differing on average 17.5% due to randomly spread single point mutations. Each subfamily is specific for a group of taxa in congruence with their biogeography. Within each group, there is no significant species-specific clustering of the sequences. These results suggest that the two satellite subfamilies arose after the split of an ancestral lineage into the North African and IberoBalearic Pimelia species-groups, but before their subsequent radiation. Rate heterogeneity tests suggest that PMON sequences have evolved faster in the lineage leading to the Moroccan group. Comparison of sequence divergences between minor PMON and the previously characterized major PIM357 satellite obtained from the same taxa, points to similar evolutionary dynamics. Both sequences are evolving in parallel accumulating mutations in a gradual manner irrespectively of significant differences in abundance. These data show that copy number of the sequence families does not necessarily affect the sequence change dynamics of satellite repeats. q
Introduction
Satellite DNAs are highly abundant sequences repeated in tandem and located in centromeric and telomeric regions of eukaryotic chromosomes (Charlesworth et al., 1994) . It is generally accepted that satellite sequences evolve in a concerted manner (Dover, 1986) , meaning that mutations are spread through members of a repetitive family within the genome, and through a reproductive group of organisms. The consequence of this process is homogenization of the monomer sequence variants. Thus, reproductive isolation can lead to a rapid divergence of repetitive sequences, due to homogenization and fixation of different mutations in each group.
Different satellite sequences can coexist in genomes of a group of related species, forming what has been defined as a library of satellite DNAs (Fry and Salser, 1977; Meštrović et al., 1998) . Within a library, satellite sequences can differ significantly in copy number: one or a few are present at high-copy number, constituting the so-called major satellite(s), while the remaining are underrepresented (and thus not easily detected) as low copy number repeats or minor satellite DNAs. On the other hand, the major satellite(s) found within a species can be present as homologous, lowcopy number counterparts in many other related species. Differential amplification of unrelated sequences from a library could explain the diversity of major satellites among a group of closely related taxa (Meštrović et al., 1998) . Evidence in favor of the existence of satellite libraries is accumulating. Six related satellite DNAs in Bovini species vary significantly in relative amounts among species, forming specific satellite profiles (Nijman and Lenstra, 2001) . Different satellite DNAs within a library can be considered as independent evolutionary units changing their copy number and sequence with particular dynamics (reviewed in Ugarković and Plohl, 2002) .
The genus Pimelia comprises flightless saprophagous beetles distributed in the circummediterranean region. According to phylogeographic data, the Iberian Pimelia derive from North African ancestors that colonized the peninsula in a time range of 6 -12 Myr ago (Kwieton, 1977) . Within the genus Pimelia, 26 examined taxa have a single major satellite named PIM357, making between 25 and 45% of the whole genome (Pons et al., 1997 (Pons et al., , 2002 . Sequence divergence clusters PIM357 satellite into three groups mostly in accordance with the geographic origin of the species and consistently with their mitochondrial phylogeny: Ibero-Balearic, Moroccan, and Canary Islands groups (Pons et al., 2002) . In addition, several species of this genus have major satellites belonging to families with larger monomer lengths of approximately 500 and 700 bp (Pons, 1999) . Altogether, within the genus there are seven satellite families, all of them composed of clearly related sequences which have probably evolved from an ancestor sequence through rearrangements and nucleotide substitutions.
In a previous study we detected and characterized major satellite DNA PMON in the genome of Pimelia monticola. The satellite repeat has 533 bp long monomer and comprises 28% of the insect genome (Pons, 1999) . In the present paper we have tested the presence of homologous sequences to this satellite DNA in six related Pimelia species: P. criba, P. elevata, P. baetica, P. fornicata, P. atlantis atlantis and P. mauritanica bletoni. According to their geographic distribution these species can be divided into two groups: Ibero-Balearic group comprising the former three species and Moroccan group, with the latter two species and P. fornicata, which is distributed in Morocco but reaching the southernmost Iberian Peninsula as well. It has been previously shown that all the tested species have a common, highly abundant, PIM357 satellite DNA as major repeat family, except P. fornicata where the sequence related PFOR satellite made of 502 bp monomers is the major satellite (Pons 1999; Pons et al., 2002) . Here we address the evolution of DNA sequences in a satellite DNA library comparing PMON and PIM357 satellites in the same group of species.
Material and methods

Sampling and DNA isolation
Pimelia species used in this work were collected at following localities: P. criba at Albufereta de Pollensa, Mallorca; P. elevata at Platja des Cavallet, Ibiza; P. baetica at Cabo de Palos, Murcia; P. monticola at Sierra Nevada, Granada; P. fornicata at Zahara de los Atunes, Cadiz; P. atlantis atlantis at Middle Atlas, Morocco; P. mauritanica bletoni at Sud du Col du Zad, Morocco. For dot-blot screening DNA was isolated from adult specimens by standard phenol extraction and ethanol precipitation procedure.
Dot-blot and Southern hybridization analysis
In order to detect and quantify copy-number of sequences homologous to PMON major satellite DNA, genomic DNA of selected species was dot-blotted onto positively charged nylon membranes (Roche) in a series of dilutions ranging from 50 to 500 ng. Cloned satellite monomers excised from the plasmid and labeled with digoxigenin were used as hybridization probes. Plasmid with cloned PMON satellite monomer, dot-blotted in a range between 100 and 800 pg, was used to construct calibration curve from which contribution of the repeat in genomes of examined species was estimated. As a negative control, we used genomic DNA of non-insect species in which occurrence of homologous sequence is hardly probable. In addition, plasmid containing cloned PIM357 satellite monomer as well as 'empty' plasmid were applied onto membrane to check for cross-hybridization with the PMON satellite probe. Hybridization was performed at 65 8C in hybridization solution composed of 0.25 M Na 2 HPO 4 , pH 7.2, 1 mM EDTA, 20% SDS and 0.5% blocking reagent. After hybridization, blots were subsequently washed in 0.1 £ SSC, 0.1% SDS at the same temperature. These conditions did not allow cross-hybridization of PMON with major PIM357 satellite with which it shares homology of approximately 70%, but allowed detection of diverged PMON satellite repeats. For Southern hybridization, DNA was transferred from the gel onto positively charged nylon membranes by alkali capillary blotting, using 0.4 M NaOH, and hybridizations were performed under the same conditions as for the dot-blot experiments. Positive signals were visualized using chemiluminiscent CDP-Star system (Roche). Densitometric quantification from dot-blot autoradiographic films was performed using SFORM program (VAMS package).
PCR amplification of low-copy satellites
DNA from single individuals of each species was isolated using single-step ROSE protocol (Steiner et al., 1995) . In each experiment positive and one or more negative controls were included, as well as blank control without DNA. PCR primers used for amplifications were: † Pmon1: 5 0 TTTCGATAATCAAGTCTTTGTGG 3 0 † Pmon3: 5 0 AGATACTTTTCGCAATCGTTGGC 3 0 Amplifications were done in 25 ml volume on 10 -50 ng genomic DNA. Conditions used were the following: reaction mixture: 2.5 mM MgCl 2 , 0.2 mM dNTPs, 0.2 -0.4 mM primers, 1 U AmpliTaq Polymerase (PerkinElmer); amplification program: denaturation at 94 8C, 3 min; 35 cycles of denaturation at 94 8C for 1 min, annealing at 57 8C or 59 8C for 1 min and primer extension at 72 8C for 2 min 15 s; final extension at 72 8C for 7 min. Reactions were done in GeneAmp PCR System 2400 (Perkin -Elmer).
PCR products were electrophoresed and blotted onto nylon membranes, or purified from the gel and cloned into pGEM-T plasmid vector (pGEM-T Vector System I, Promega). Positive clones were sequenced on both strands using the DIG Taq DNA Sequencing Kit for Cycle Sequencing (Roche) and semiautomatic sequencing system GATC 1500-System Direct Blotting Electrophoresis (Roche).
Sequence analysis
Multiple alignment was performed using Clustal W v. 1.6 and additionally refined manually where it was necessary. Modeltest 3.06 (Posada and Crandall, 1998) was used to evaluate 56 nested General Time Reversible (GTR) nucleotide substitution models, and to determine the most appropriate model of evolution for the given satellite sequence data. Sequence divergences were calculated according to the best-fit model that appeared to be HKY85 þ G (Hasegawa-Kishino-Yano with gamma distribution; Hasegawa et al., 1985) . Maximum likelihood, parsimony and distance trees were produced in PAUP computer package (Swofford, 1998) . The trees were constructed using the heuristic search option and the support for nodes was obtained after 500 bootstrap replicates. The distribution of nucleotide substitutions was analyzed by statistics described in Sneath (1995) . Nucleotide diversity, pair-wise sequence divergences, and putative gene conversion regions were estimated using DnaSP v. 2.52 package (Rozas and Rozas, 1997) . The rate heterogeneity was tested using the two cluster test (TCT) and branch length test (BLT; Takezaki et al., 1995) performed in the LINTRE program available online on the address http://www.bio.psu.edu/People/ Faculty/Nei/Lab/software.htm.
Results
Detection of PMON satellite DNA in different Pimelia species
Dot blot hybridization experiments revealed the presence of homologous sequences to PMON satellite DNA in all tested species in the form of low-copy number repeats (not shown). According to densitometric measurements, the PMON related sequences contribute to genomic DNAs of examined species in a range from 0.008% as determined in P. elevata, up to 0.2% in P. criba and P. atlantis atlantis. Considering the average genome size of tested Pimelia species 1C ¼ 0.532 pg (Pons, 1999) , this corresponds between roughly 100 and 2000 copies per haploid genome.
Due to their low genomic content, further analysis of PMON-related satellite sequences was performed by PCR amplification using primers specific for the major PMON satellite. PMON consensus sequence was used to design specific primers for this purpose. Due to partial homology of the PIM357 and PMON satellites, PCR primers were designed in such a way to avoid any undesired amplification of a major satellite in a particular species. These limitations affected selection of primers used in subsequent experiments. Selected primer pairs can amplify a segment of the satellite monomer, or the whole satellite monomer plus the segment of subsequent monomer (Fig. 1) .
In all of the analyzed species, a PCR product of approximate length of 140 bp was amplified, corresponding to the expected segment within the monomer. An additional PCR product of expected size of around 670 bp corresponding to the whole satellite monomer (, 530 bp) plus a , 140 bp segment of the adjacent monomer was also present. Southern hybridization using cloned major PMON satellite monomer as a probe confirmed that the observed fragments are specific amplification products of PMON satellite DNA, as shown for P. criba and P. mauritanica bletoni on Fig. 2 . In some of the lanes additional bands are visible, corresponding to fragments of approx. 600 bp, which probably are the outcome of recombination events within the satellite arrays. These products of non-specific length are not further considered in this work.
Sequence divergence of PMON satellite in six Pimelia species
Fragments of about 670 bp, obtained after PCR amplification using PMON specific primers were cloned and sequenced in the six tested Pimelia species: P. elevata (three clones, named MinELE), P. criba (four clones, named MinCRI), P. baetica (three clones, named MinBAE), P. atlantis atlantis (two clones, named MinAAT), P. mauritanica bletoni (three clones, named MinMAB) and P. fornicata (two clones, named MinFOR). Sequences of all of the PCR generated clones were aligned with the sequences of five monomers cloned earlier from genomic DNA of the Iberian species P. monticola (Pons, 1999) , in which PMON is the major satellite (Fig. 3) .
All cloned fragments are of similar size of about 533 bp full-size satellite monomer plus 138 bp long fragment from the subsequent repeating unit. The only exceptions are clones MinMAB2 and MinMAB4, with insertions of 48 and 7 bp at positions 410 and 272 in the sequence, respectively (Fig. 3B) . The insertion of 48 bp derives from duplication of a motif already present within the MinMAB2 satellite monomer at position 410 -454. Satellite sequences were aligned, without insertions at clones MinMAB2 and MinMAB4 which were excluded from the analysis (Fig. 3A) . The alignment clearly resolved two groups of sequences. The first group consists of all clones from IberoBalearic species-group. Clones of major satellite from P. monticola cluster together with clones of underrepresented satellite repeats from P. criba, P. elevata, and P. baetica. All these clones were designated as MinCEB group. The second group contains clones from the Moroccan species: P. fornicata, P. atlantis atlantis, and P. mauritanica bletoni (MinFAM group). From each of these two groups, a consensus sequence was derived. The two consensus sequences, named MinCEBcon and MinFAMcon, differ at 83 nucleotide positions (15.6%).
As mentioned above in this section, nucleotide substitutions are the major cause of sequence variability. According to v statistical test (Sneath, 1995) , the substitutions are randomly distributed. Nucleotide diversity Pi (Rozas and Rozas, 1997) calculated for the MinCEB group is 0.05467, while that for the MinFAM group is 0.06339. Average number of nucleotide substitutions per site between the two groups of clones, Dxy, is 0.17537. There are 41 fixed differences between the two groups that are diagnostic and exclusive for all clones of a single group (Fig. 3A) . There are also 16 shared or ancestral mutations between clones of the two groups. Within the MinCEB group, a species specific change was detected only at a single position (514) in MinBAE monomers, while in clones from the other species no species specific mutations have been fixed. Within the MinFAM group, species specific changes were detected only in MinFOR monomers at three positions (deletion at 199, insertion at 524 and substitution at 546). Presence of stretches of shared mutations between sequences could indicate the effect of gene conversion. Two regions of 17 and 14 bp in MinBAE4 sequence (positions 289 -306 and 516-529, respectively) have been identified as regions shared with clones from MinFAM group (Fig. 3A) . These short stretches could represent remnants of ancestral events that occurred before splitting of the two species groups.
Alignment of full size satellite monomers (533 bp) was used to calculate genetic distances according to HKY85 þ G, being the best-fit model of evolution for the given data set as revealed by Modeltest. A major 502 bp long satellite DNA of Pimelia fornicata (Pons, 1999) was used as an outgroup. Fig. 4A depicts a distance tree (minimum evolution-ME), while Fig. 4B represents one of the two most parsimonious (MP) trees (550 steps), being essentially the same as maximum likelihood tree (ML; with HKY85 þ G model of evolution, score of the best tree Fig. 2 . Southern-hybridization of PCR -amplification products of PMON satellite in DNAs from the following species of Pimelia: P. monticola (M), P. criba (cri) and P. mauritanica bletoni (mab). As a negative control DNA from marine sponge Geodia cydonium (geo) was used, while reaction at line (0) was without externally added DNA. 3428.32428), with small differences in bootstrap values (values for both analyses shown on branches). The other MP tree differs with respect to the position of the (MinCRI20 þ MinELE3) clade, being positioned the same as in ME tree.
The two groups of sequences are separated with a high confidence, according to their geographic origin. Within each group the sequences from different species are not clustered species-specifically but are mutually interspersed, with the exception of the two clones of MinFOR satellite from the species P. fornicata which are clustered in a species specific manner, but with moderate bootstrap support. ME tree differs with respect to ML and MP trees only in the relative position of several clones within the Ibero-Balearic group of species, but with the bootstrap values for all of those nodes being near or below 50%. Nucleotide diversities are low and similar for both groups of sequences and the branches are relatively short on a distance tree (Fig. 4) .
Rate heterogeneity of PMON satellite among different lineages
We have tested the rate heterogeneity for PMON sequences among the different lineages of Pimelia. Two rate heterogeneity tests were performed, the two cluster (TCT) and branch length tests (BLT) (Takezaki et al., 1995) . The two-cluster test gives relative rates at each interior node of the tree, while in the branch length test the difference of the root-to-tip distance of each sequence from the average of all sequences under the root is estimated. The two-cluster test revealed significant length difference between branches leading from the common ancestor of PMON (node 1) to two PMON subfamilies (nodes 2 and 3) (Fig. 4A) . The rate is significantly higher in the branch leading to the NorthAfrican PMON subfamily than in the branch leading to Ibero-Balearic PMON one (P value , 0.01). In the branchlength test sequences MinBAE4, PMON2 and MinELE4 are significantly shorter relative to the average root-to-tip length (64,8%; 54,8% and 47,8% of the average length, respectively).
The overall rate heterogeneity of all sequences in the tree is expressed by the Q value, while statistical significance (P value) is determined from a chi-square distribution with n-1 degrees of freedom, where n is the number of sequences under the root (Takezaki et al., 1995) . The Q values obtained by both tests are similar (33,478 in TCT and 33,607 in BLT) and the overall rate heterogeneity among the tested PMON sequences is statistically supported at the 5% significance level (P , 0.05). These results indicate that the overall rate heterogeneity of PMON sequence among different lineages is mainly due to the faster evolution in the lineage leading to the North-African group relative to IberoBalearic group after the split of Pimelia ancestral lineage.
Comparison of divergence rates of PMON and PIM357 satellites
Previous results (Pons et al., 2002) and the results presented in this paper reveal that the sequences of Pimelia satellites PMON and PIM357 group according to the biogeography and presumably phylogeny of the two species-groups. PIM357 is a major, highly abundant satellite Fig. 3 (continued ) in species P. criba, P. elevata, P. baetica, P. atlantis atlantis and P. mauritanica bletoni, comprising between 27 and 43% of the genome (Pons et al., 2002) , while PMON satellite is in the same species present as a low-copy number sequence. In order to compare the rates of sequence evolution of these two evolutionary related satellites, we have analyzed the divergence of PMON and PIM357 sequences among these five Pimelia species, three of them from Ibero-Balearic group and two from the North-African group. Pairwise divergences were calculated for all clones from each pair of species, and the average is presented in Table 1 . In analyzed species pairs, PMON satellite is exhibiting sequence divergence ranging from 75% to 120% of the PIM357 satellite divergence. Coefficient of correlation between the two data sets (0.9847) as well as the result of a paired two-tailed t-test (df ¼ 18, t ¼ 0.01188622, P ¼ 0.9906) highly support the conclusion that sequences of two distinct but related satellites that coexist in the analyzed Pimelia species are evolving in parallel and with fairly similar rates; in average, highly abundant PIM357 satellite is diverging only slightly faster relative to low-copy number PMON satellite.
Discussion
The data presented in this paper show that PMON satellite can be divided into two subfamilies, one present in the Ibero-Balearic group of Pimelia taxa, P. monticola, P. criba, P. elevata, and P. baetica, and the other in the Moroccan group, P. mauritanica bletoni, and P. atlantis atlantis, together with P. fornicata. Despite differences in copy number, the monomer sequence variants of the major satellite in P. monticola unambiguously cluster to their low-copy counterparts isolated from the three other Ibero-Balearic species. Phylogenetic analysis based on mitochondrial COI gene supports biogeographic disjunction of the two groups of species (Pons et al., 2002) . According to biogeographical data, it has been estimated that IberoBalearic lineage was separated from the North African one roughly between 6 -12 Myr ago (Kwieton, 1977) . Within the extant groups, satellite sequences can not be clearly distinguished among the species despite the fact that taxa within Ibero-Balearic group had been separated for at least 5 Myr (Kwieton, 1977) . Thus, fixed nucleotide substitutions in the two satellite subfamilies should have accumulated after the two ancestral lineages already split, but before species radiation took place in each lineage, giving rise to the extant species. Unambiguous grouping of P. fornicata with the Moroccan species is in full agreement with the notion that its distribution on southernmost parts of Iberian Peninsula is a result of recent colonization.
Copy number of PIM357 satellite in examined Pimelia species is on average 4.5 £ 10 5 copies per haploid genome, while in the same species, copy number of PMON satellite is around 10 3 per haploid genome only (Pons et al., 2002, this paper) . Despite this significant difference in copy number, the two satellites are exhibiting similar sequence divergence dynamics in the tested Pimelia mostly due to randomly distributed single point mutations. It can be concluded that both high-and low-copy number satellites have comparable levels of nucleotide change that were probably accumulated during similar evolutionary periods in sequence variants distributed between the two groups of species. The parallelism in observed dynamics, irrespective of the satellite family and copy number, indicates that similar mutational processes and turnover mechanisms act with similar rate (frequency) on both types of satellite sequences. On the contrary, in the plant genus Cucurbita two different satellite DNAs exist: 350-bp satellite is prominent and very homogenous, while in contrast low copy number 170-bp satellite is very heterogeneous both intra-and interspecifically (King et al., 1995) . Two satellite DNA families coexisting in seven Drosophila species exhibit difference in rate of divergence although their copy number is similar (Strachan et al., 1985) .
The fact that different satellite DNAs coexisting in the same species can exhibit quite different dynamics of sequence change indicates that it might be influenced by a sequence itself. Evolutionary related PMON and PIM357 satellites share homology of about 70% in their nucleotide sequences, besides to an inserted / deleted segment. This partial homology could be responsible for their similar evolutionary dynamics in the genomes of examined species. In concordance to this, it has been shown that at least two Pimelia species (P. criba and P. elevata) have a low-copy satellite repeat homologous to the major PRAT satellite of the beetle Palorus ratzeburgii (Mravinac et al., 2002) . Repeat units of this satellite could not be related to any of described Pimelia satellites. In other species of the genus Palorus, PRAT is present as extremely conserved low-copy repeats (Meštrović et al., 1998) , and in the two Pimelia species the same sequence is 'frozen' in the same manner, despite the fact that Pimelia and Palorus have been separated for at least 60 Myr. The observed high sequence conservation of the PRAT satellite might be induced by a bias of turnover mechanism, or could indicate functional constraints (Mravinac et al., 2002) .
The substitution rates estimated for satellite sequences in different groups of organisms can differ substantially, but usually reflect the phylogeny of the group. Therefore, depending on the rate of sequence changes, satellite sequences can be used as markers at various taxonomic levels. For example, the homogenization of satellite sequences can be population specific, as in pupfish (Elder and Turner, 1994) , or species-specific as observed in the family Sparidae (Garrido-Ramos et al., 1999) , in Drosophila obscura species group (Bachmann and Sperlich, 1993) , and among whales of the order Cetacea (Arnason et al., 1992) . On the other hand, some satellite sequences have remained unchanged over long evolutionary periods, and therefore are not taxonomically informative (Heikkinen et al., 1995; Meštrović et al., 2000; de la Herran et al., 2001; Mravinac et al., 2002) , while the results presented in this work revealed specificity for geographically disjunct Pimelia species groups.
The rate heterogeneity test revealed that PMON satellite sequence did not evolve with the same speed in the two tested Pimelia lineages, as it is higher in the branch leading to the North-African group relative to that leading to IberoBalearic species-group. Comparison of evolutionary dynamics of PIM357 satellite between three species groups of Pimelia: Ibero-Balearic, North-African and Canarian, showed significantly weaker homogenization of the satellite in the Canarian group (Pons et al., 2002) . It was proposed that the peculiar evolution of the satellite in this clade results a Pairwise divergences among PMON satellite sequences are listed above diagonal, in bold, while those for PIM357 are below diagonal; standard deviations are given in italics (^SE). In parentheses is the ratio of PMON/PIM357 divergences for a given pair of species.
from distinct demographic and phylogenetic patterns related to the colonization of Canary islands. Since the evolution of satellite DNA sequence is a very complex process, depending on a mutation rate, on rates of recombination processes that spread newly occurred mutations through the repetitive family and on the rate of fixation within the members of the population, it is hard to disentangle which of these factors is the main responsible for the difference in substitution rate of PMON satellite between lineages.
In conclusion, an evolutionary scenario for the PMON satellite could be as follows: after colonization of Iberian peninsula by Pimelia species from North Africa and divergence in allopatry, PMON satellite began to diverge in the two lineages, due to random accumulation of mutations, leading to the formation of two satellite subfamilies, each characteristic for a particular group of taxa. The satellite sequences evolved at different rates in the two lineages, higher in the North African relative to Ibero-Balearic species-group. Similar evolutionary dynamics were found in sequences of the previously characterized major PIM357 satellite DNA (Pons et al., 1997 (Pons et al., , 2002 , indicating that satellite sequence divergence rate is not directly related to the copy number in Pimelia beetles.
